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Calculated room-temperature threshold current densities JA 6
for the visible II-VI ZnCdSe/ZnSe quantum-well diode lasers 6

R. L. Aggarwal,a) J. J. Zayhowski, and B. Lax
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173-9108 mw

(Received 8 February 1993; accepted for publication 7 April 1993)

Room-temperature threshold current densities for the visible 1I-VI ZnCdSe/ZnSe I%
semiconductor quantum-well diode lasers have been calculated using a simple model for the
quantum-well gain and spontaneous radiative recombination rate. These results are compared I
with those for the infrared III-V GaAs/GaAIAs quantum-well lasers, calculated using the same W__
model. By tailoring the epitaxial structure for optimum optical confinement, cw
room-temperature operation of the ZnCdSe/ZnSe quantum-well lasers should be possible with
threshold current densities as low as 400 A/cm2 for a 1-mm cavity length and uncoated laser
facets, assuming the problem of ohmic contacts to the epitaxial structure is resolved.

Blue-green lasing from the wide-band-gap I1-VI IMb 2 =mEg(Eg+A)/{6me[Eg+ (2/3)A]}, (3)
ZnCdSe/ZnSe semiconductor quantum-well (QW) diode
lasers was first reported in the pulsed mode at 77 K by fp(Epl)={1+exp[(E#1-Efp/kBT]}'-, (4)
Haase et at' of 3M Co. in 1991. cw operation at 77 K has
been reported by Jeon et al.,2 Yu et aL, 3 and Sony Corp. 4  where fp(E0 1 ), P=e, lh, hh, is the Fermi occupation fac-

Jeon et al.2 also obtained pulsed operation at temperatures tor for the lowest-energy electron (Ee1 ), light-hole (Elhl ),

between 77 K and room temperature. To date, the cw and heavy-hole (Ehh I) QW level, q is the electronic charge,

room-temperature operation has not been possible because rr",hh = mnelfhh/(me + mhh) is the electron-heavy-hole re-

of thermal problems resulting from large turn-on voltages duced mass, me and mhh are the electron and heavy-hole

and high threshold current densities ( - 1600 A/cm2 in masses, IMb is the average value of the interband momen-

Ref. 2). Here we show that by tailoring the epitaxial struc- tur matrix element for the Bloch states of the electron and

ture for optimum optical confinement the calculated hole bands, co is the electron permittivity of vacuum, mo is

threshold current densities can be reduced to acceptable the free electron mass, c is the velocity of light in vacuum,

levels (- 400 A/cm2 ) for cw operation; we do not consider h is the Planck's constant, u,, is the refractive index of the

the problem of large turn-on voltages. QW material at the lasing wavelength, Eohh1=Eg+Eei

The room-temperature threshold current density Jth of +Ehhi is the energy separation between the lowest-energy

Zno.83Cd0 .17Se/ZnSe (henceforth ZnCdSe/ZnSe) QW la- electron and heavy-hole QW levels, Eg is the energy gap, A

sers is calculated using the simple model of Dutta5 for the is the spin-orbit splitting energy of the valence band, Ere
QW gain and spontaneous radiative recombination rate. and Lib=Eflh=Efb are the quasi-Fermi energies for the

This model neglects the effects of strain, band nonparabo- electrons and holes, k1 is the Boltzmann's constant, and T
licity, intraband scattering, and excitonic6 and nonradia- is the temperature. The above expression for IMb 2 is a
tive recombination. The optical confinement factor r is factor of 2 larger than that of Agrawal and Dutta,5 but is

calculated for each of the following structures: (a) a single consistent with that of Chinn et at,7 Asada et .al., and

quantum well (SQW), (b) a multiple quantum well Yamada et al.9

(MQW), and (c) a SQW in a step-index separate carrier Assuming that the injected electron and hole carrier

confinement heterostructure (STINSCH). The Jth is ob- densities ni and pi are orders of magnitude larger than their

tained for the above structures by setting the threshold thermal equilibrium values,

gain coefficient gth equal to the round-trip laser cavity loss
coefficient a divided by the corresponding r. These results ni= (peksT) X ln{l +exp[ (Efr-Ecj)/kAT]1, (5)
are in good agreement with the experimental results of
Jeon et at.2 for a MQW structure. The calculated results
for the ZnCdSe/ZnSe QW lasers are compared with simi- ni=Pi=(lhkBT) X ln{l +exp(Er-Eih1 )/kBT]}
lar results for the infrared III-V GaAs/Gao.5 Al0 5 As
(henceforth GaAs/GaAIAs) QW lasers. + (PhhkBT) ln{ I+exp[ (Ef--Ehhj)/kST]},

The maximum gain coefficient gmax due to interband (6)
transitions between the lowest-energy electron and heavy-
hole subbands in a SQW of width L, is given by'5 pp= (41rmS)/(h2 Lw), (7)

g.. =K(fe-+ fhh - I ), (1) where P6 is the density of states of a QW level, and E0 j is

K= [ (21rq 2m,hhIMb12)/(eom!chpwEo hhI L.) 1, (2) the energy of the fih QW level, and mIh is the light-hole
mass. Equations (5) and (6) show that Ere and Em are
functions of np. Consequently, f, fhh, and hence gin,, are

"*)Aso at Department of Physics, MIT. functions of n,.
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TABLE 1. Room-temperature values of the material and device param- where R is the total spontaneous interband radiative re-

eters for the GaAs/GaAIAs and ZnCdSe/ZnSe quantum-well lasers. combination rate per unit volume as follows:

Parameter GaAs/GaAIAs ZnCdSe/ZnSe R = [(161r 2q/• I MbI 2N.)/mM2h 4 c3 L)]

m 0mo 0.071 0.16 X (mrlhlh-+-mhhlhh), (9)
mVMo 0.081 0.57
mhW/mo 0.45 1.0 Ep
E, (eV) 1.42 2.40 I= X ff + (10)
A (eV) 0.34 0.43 j - j
6V, (eV) 0.42 0.18
6V,. (eV) 0.21 0.08 Eo.j= Eg+ Eej+ Epj, (11)
14. 3.59 2.8
/Pb 3.26 2.7 E.#= (m,#mMe) (E- Eopj), (12)
a. (cm-') 3.5 3.5L (mm) 1.0 1.0 E,,a= (replmm) (E--Eopoj). (13)

Here N. is the number of QWs, and mr,lh is the electron-
light-hole reduced mass. Calculated values of gm. for 100-The room-temrs erature values of the material and de- A-thick GaAs/GaAIAs and ZnCdSe/ZnSe SQWs are plot-

vice parameters used in the calculations for the GaAsL ted as a function of ni and J,, in Figs. 1 (a) and 1 (b). Our
GaAIAs and ZnCdSe/ZnSe QW lasers are given in Table o. results for gmax vs ni are consistent with those calculated by
t Vc and 6 Vt are the conduction and valence band offsets of Ahn et al. 0 using a multiband effective mass theory and
the QW material relative to the barrier material, Pb aS the the density matrix formalism with intraband scattering
refractive index of the barrier material at the lasing wave- tknit con.Teijetdcrirdniis(h

length, a. is the average absorption coefficient of the well taken into account. The injected carrier densities (the
and arrer ayes, nd isthe ase caitylenth.The nominal current densities) required to achieve the same

and barrier layers, and L is the laser cavity length. The gain are approximately a factor of 3 larger for the ZnCdSe
values of m2 mlarg tand tho for G a re. moreQWs than for the GaAs QWs. This is due to larger values
factor of 2 larger than those for GaAs. of me, mih, and mhh for ZnCdSe.

The nominal current density J, required to achieve a The M for the fundamental transverse mode of a MQW

given ni is given bys is,

.= qL.R, (8) r= (21r2/Ao) (pa--I4)NwLw(NWLW+NbLb), (14)
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FIG. 3. Comparison of the calculated values for Jh for ZnCdSe/ZnSe FIG. 4. Calculated room-temperature values of Jh, VS AMU ( IdMb for
MQWs (Ný,=6, Lý,=6O A, and L,= 100,k) with the experimental data ZnCdSe and GaAs/GaAIAs quantum wells with an optimized STINSCH
of Jeon et al (Ref. 2) for T= 200, 250, and 2 73 K. The values of the band structure and L,,= 100 A
parameters were assumed to be temperature independent.

is the optimized total thickness of the well and barrier

,ua= (NWLuPW+NbLIIUb)/(NWLW±NbLb), (15) layers and Mi, is the refractive index of the confinement
layers. The calculated values Of Jth for an optimized

where A0 is the wavelength of the laser radiation in vac- STINSCH structure are plotted in Fig. 4 against the re-
uuim, and Nb and Lb are the number and thickness of the fractive index step AAp= (J'c - 1b) for the ZnCdSe/ZnSe
barrier layers, respectively; for a SQW, N =I1 and Nb=0. and GaAs/GaAlAs QWs with L, = 100 A. For Ay =0. 1,
The a is given by Jth is reduced to less than 400 A/cm 2 for the ZnCdSe/ZnSe

QWs and 125 A/cm 2 for the GaAs/GaAlAs QWs. ZnCdS,
a =a.- (l/L)ln IrI12 , (16) or some other H-VI ternary or quaternary material that

IrI2 can be lattice matched to the barrier layers and the sub-
where Ir2 is the reflectance of the uncoated laser facets. strate, may be a suitable candidate for the confining layers
The gth is obtained by dividing a by r. Neglecting nonra- of the ZnCdSe/ZnSe STINSCH structure. The low value
diative recombination, Jth is obtained from J, by setting Of Jth (400 A/cm2 for ZnCdSe/ZnSe QW lasers with the
g,,,., equal to gth* The resulting Jth values are shown as a STINSCH structure should make room-temperature cw
function of L,, in Figs. 2(a) and 2(b) for the ZnCdSe/ operation possible, once the problem of ohmic contacts to
ZnSe and GaAs/GaAIAs MQWs, using Lb= 100 A. The the epitaxial structure is resolved.
lowest values ofjlh occur for L = 100 A and N.=3 or 4 in We wish to thank S. N. Chinn, T. Y. Fan, A. Sanchez,
both systems. At this point, J~h is -1100 A/cm2 for the and J. N. Walpole for their comments on this manuscript.
ZnCdSe/ZnSe MQWs and -240 A/cm 2 for the GaAs! This work was supported by the Department of the Air
GaAIAs MQWs. Force.
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